Swarmer cells and multicellular arrays of Rhodomicrobium vannielli synthesized different types of intra-cytoplasmic membrane proteins, as evidenced by pulse-labelling patterns with [35S]methionine. Analysis of protein synthesis during the swarmer cell cycle revealed temporal changes in the rates of synthesis of several proteins, including those of the light-harvesting complex I (B885kreaction centre pigment-protein complex and a 34000 M, protein identified as flagellin.
INTRODUCTION
Rhodomicrobium vannielii is a member of the Rhodospirillaceae in which cell growth is obligately polar and cell division asymmetric (Whittenbury & Dow, 1977; Dow et al., 1983; Kelly & Dow, 1984) . Photoheterotrophic growth in batch culture is characterized by the production of multicellular arrays of cells, linked by prosthecae, from the tips of which ovoid, peritrichously flagellate swarmer cells are produced (Whittenbury & Dow, 1977) . When separated from the other cell types by a simple glass wool column filtration method (Whittenbury & Dow, 1977) and kept anaerobically in the dark, swarmer cells remain motile for several hours. However, when re-illuminated they synchronously ( > 90 %) initiate a reproductive differentiation process in which the major morphological landmark events are loss of motility by the active shedding of flagella, synthesis of a prostheca at a polar location on the cell surface and production of a new daughter cell at the distal end of the prostheca (Dow et a!., 1983) .
It is clear that many of the morphological landmarks observed during swarmer cell differentiation can be viewed as cell-surface-or membrane-associated events. R. vannielii belongs to that group of photosynthetic bacteria in which the photosynthetic apparatus is housed in a system of lamellate intra-cytoplasmic membranes (ICM; Trentini & Starr, 1967) . The photochemical reaction centre (RC), closely associated with a bound cytochrome and lightharvesting (LH) complex (B885 or LHI) in addition to an accessory LH complex (B800-865 or LHII), characterize the photosynthetic pigment-protein complexes in this microbe (Kelly & Dow, 1985) . As one consequence of the polar growth process, the ICM complex must be formed de nouo in the daughter cell during swarmer cell differentiation (Whittenbury & Dow, 1977; Kelly & Dow, 1984) . This must require both temporal and spatial control of gene expression. In view of these features, we have investigated the changes in ICM protein synthesis which occur during differentiation, the differential synthesis of ICM proteins in the different cell types in batch culture and the synthesis of certain components of the photosynthetic apparatus.
the same light intensity. After labelling, L-methionine was added (final concentration 1 m~), and the cells were collected by centrifugation (20000g, 4 "C, 20 min), resuspended in 10 mM-Tris/HCl buffer pH 7.4 and stored frozen. At the same time intervals, 200ml unlabelled samples were collected in the same way for bacteriochlorophyll (Bchl) and protein determinations.
Isolation of ICM. Cells were resuspended in 10 mM-Tris/HCl pH 7.4, washed once, resuspended again, and broken by sonication (8 x 15 s bursts with 1 rnin cooling intervals in an MSE 12/76 Mk I1 sonicator). RNAse and DNAse (each 25 pg ml-l) were added and debris and unbroken cells removed by centrifugation in a microfuge (1 1 600 g, 5 min, 4 "C). The supernatant (300 pl) was layered onto a 25% (w/v) sucrose cushion (4.3 ml) in 10 mMTris/HCl pH 7.4 and centrifuged at 150000g for 2.5 h at 4 "C in the SW50.1 rotor of a Beckman ultracentrifuge.
The membrane pellet was resuspended in 50-100 11 10 mM-Tris/HCl pH 7.4 and stored at -20 "C. For the detection of flagellin, ICM were also isolated on 20-60% (w/v) sucrose gradients [8 ml of 20,30,40 and 50% (w/v) sucrose + 2 ml60% (w/v) sucrose] loaded with 3 ml cell-free extract and centrifuged at 100000 g for 16 h at 4 "C in the SW28 rotor of a Beckman ultracentrifuge. The ICM, which banded at 36% (w/v) sucrose, were removed and stored at -20 "C.
SDS-polyacrylamide gel electrophoresis (SDS-PAGE).
This was done on 10-30% (w/v) exponential polyacrylamide gels (Hames & Rickwood, 1981) . Samples were routinely solubilized at 75 "C for 2 min in Laemmli sample buffer (Laemmli, 1970) . Gels were run at 20 mA for 16 h a t 4-10 "C, fixed in 50% (v/v) methanol and either stained with Coomassie blue or silver stained (Wray et al., 1981) .
Isolation of pigment-protein complexes. Portions (5 pl) of each membrane sample obtained from pulse-labelled cells during differentiation, as described above, were added to 45 p1 68 mM-Tris/HCl pH 7.4, 1.6 % (w/v) SDS, 1.6% (w/v) Triton X-100, 5% (v/v) 2-mercaptoethanol, incubated at room temperature for 5 min and then microfuged for 2.5 min. Portions (2 p1) of the resulting supernatants were removed for scintillation counting before equal quantities of radioactivity (82000 c.p.m.) were directly applied to the stacker of a 10% (w/v) polyacrylamide gel (ratio of acrylamide to bisacrylamide 30 :04) containing 0.05% SDS + 0.05% Triton throughout. The gel was run at 4-10°C for 6 h, after which time the pigmented bands corresponding to the B885-RC complexes (Kelly & DOW, 1985) were excised as a strip and sealed to the stacking gel of a 10-30% (w/v) gradient gel (containing 0.1 %, w/v. SDS) with hot 1 % (w/v) agarose dissolved in Laemmli sample buffer. The gel was run at 20 mA overnight in the cold, fixed in methanol (50%, v/v) and fluorographed (Bonner & Laskey, 1974 ) using pre-flashed Kodak Xomat S film (Laskey & Mills, 1975) .
Production of antisera. Antibodies were raised in New Zealand White, half-lop rabbits as follows. ICM protein (4 mg) was solubilized in 5% (w/v) Triton X-100 + 0.8% (w/v) SDS in 50 mM-Tris/HCl pH 7.4 for 1 h at room temperature. After microfuging 5 min, the supernatant was made up to 1 ml with 50 mM-Tris/HCl buffer and added to 1 ml complete Freund's adjuvant. After homogenization, the mixture was injected subcutaneously. A booster injection was given 1 month after the first, using Freund's incomplete adjuvant. Two weeks after this, rabbits were bled at regular intervals and the pooled serum was stored at -20 "C.
Western irnrnunoblotting.
Proteins were transferred to nitrocellulose sheets (Burnette, 198 1) in a Bio-Rad TransBlot cell at 50 V, 300 mA for 3.5 h. The sheets were incubated for 1 h with 8% (w/v) bovine serum albumin (BSA) in phosphate buffered saline (PBS) followed by the addition of 200 p1 crude antiserum and incubation at room temperature overnight. The sheets were then washed six or seven times with PBS and incubated for 2 h with 8% (w/v) BSA in PBS containing 1 x lo6 c.p.m. 251-labelled Protein A. After extensive washing with 1 % (w/v) Triton X-100 in PBS, the sheets were air dried and autoradiographed at 4 "C for 1-3 d.
Preparation ofjlagella. The cells from a 5 1 culture of R. vannielii were removed by centrifugation (20000 g, 4 "C, 30min) and the supernatant was concentrated to a volume of 50ml using an Amicon CH4 hollow-fibre concentrator (filter-type HIP-100). The concentrate was re-centrifuged (5000 g, room temperature, 30 min), and the supernatant was adjusted to 35% (w/v) CsC1,15 mM Tris/HCl pH 7.52% (w/v) Triton X-100 and centrifuged (90000g, 4 "C, 50 h) in the 8 x 25 ml angle rotor of an MSE 65 ultracentrifuge. The flagella, which formed a visible, turbid band at a density of 1.336 g ~m -~, were removed and dialysed against 15 mM-Tris/HCl pH 7.5 overnight at 4 "C.
Analytical methods. Protein was determined by the Lowry method with the Folin phenol reagent. Bchl was determined by repeated extraction of whole cells with acetone/methanol (7 : 2, v/v) using a molar absorption coefficient of 75 cm-l at 772 nm (Clayton, 1963) . Carotenoid was determined on the same samples and expressed as the absorbance at 472 nm per unit protein.
Cell volume distribution analysis was done using a Coulter counter ZBI and channelyzer ClOOO linked to a BBC microcomputer and disc storage system. Radioactivity in membrane samples was determined by scintillation counting (2-5 pl sample + 3 ml Beckman MP fluid) in an LKB Minibeta counter.
Chemicals. ~-[~~S]Methionine was from Amersham, acrylamide from Eastman Kodak and bisacrylamide from Bio-Rad. Radioiodinated Protein A was a gift from Miss R. Lennox of this department. The Freund's adjuvants were obtained from Difco. M, standards for SDS-PAGE were from Pharmacia.
RESULTS

Cell-type-speciJic ICM proteins
Light microscopy and representative cell volume distribution profiles showed that swarmer cells and multicellular arrays obtained from pulse-labelled batch cultures by column filtration and differential centrifugation respectively were homogeneous with respect to cell type.
In order to examine the ICM proteins synthesized during the pulse, we equalized both protein and radioactivity on denaturing polyacrylamide gels (Fig. 1) . Coomassie blue staining revealed one major band of M, 34000 which stained prominently only in the swarmer cell ICM tracks. Few other proteins could be ascribed to a particular cell type from an analysis of such stained gels. However, fluorography showed the 34000M, protein to be strongly labelled in the swarmer cell ICM, with some labelling in ICM from multicellular arrays. Several other proteins ( M , 28000, 38000, 65000, 68000) were also strongly labelled in swarmer cell ICM during the pulse, as were proteins (M, 45000,70000,77000,85000) specific to the ICM of the multicellular arrays.
The identity of the majority of these differentially synthesized proteins is unknown. However, we noted that the flagellin monomer from purified R. vannielii flagella had an apparent M , of 34000 (J. Macdonald & C. S. Dow, unpublished) and this raised the possibility that a membrane-bound form of flagellin was present. This was confirmed by using antisera raised against detergent-solubilized R. vannielii ICM as a probe in Western immunoblotting experiments (Fig. 2) . Purified flagella from CsCl gradients produced one band of M , 34000 which reacted strongly with this probe. Equivalent bands of the same M, were also observed in ICM from cells grown either photosynthetically or chemoheterotrophically under microaerobic conditions in the dark. The 34000 M, polypeptide was present in ICM isolated either on sucrose cushions or on sucrose gradients, indicating that it is not a co-sedimenting contaminant.
Synthesis of ICM proteins during swarmer cell diferentiation
In order to gain information regarding the types of ICM proteins synthesized during swarmer cell differentiation, a homogeneous population of synchronized swarmer cells was pulse-labelled for 20 min periods every hour under phototrophic conditions and the morphological changes were followed microscopically and by cell volume distribution analysis. The changes in peak cell volume, culture ODs&-,, protein and pigment content are shown for a representative experiment in Fig. 3 . The first observable morphological event was the loss of motility due to shedding of flagella, and this occupied the period from 1 to 2 h. However, increases in OD540 and whole-cell protein levels occurred from time 0. Prostheca synthesis occupied the period from 2 to 3.5 h and was associated with a plateau on the OD540 but not the protein curve, indicating a change in the light-scattering properties of the cells. Daughter cell synthesis commenced at 3-3.5 h, followed by rapid growth and enlargement, which was reflected in the increase in the peak cell volume from this time to the end of the experiment. No change in the culture Bchl or carotenoid concentration was detected under these conditions but the continuously increasing protein content meant that a gradual decrease in the cellular specific pigment content was observed: over the 6 h of the experiment the cellular specific Bchl content decreased from an initial value of 34 nmol (mg protein)-' to about 15 nmol (mg protein)-'. The change in carotenoid content paralleled that of Bc hl . In Fig. 4 , the changes associated with the ICM system during differentiation are shown for a different synchronized swarmer cell population, but the timing of the morphological events of the cell cycle was quite reproducible from one experiment to another (compare Fig. 3 and Fig. 4) . The ICM specific pigment content showed a decline up to about 3 h after the initiation of differentiation but thereafter an increase was observed, over the period of daughter cell formation. Measurements of the amount of [35S]methionine incorporated per unit ICM protein showed that this was low in swarmer cells but increased in successively labelled samples during differentiation.
The proteins synthesized during pulse labelling were analysed on polyacrylamide gels equalized with respect to both protein and radioactivity. Those loaded with equal protein were silver stained. The relative abundance of the majority of the 60-70 detected polypeptides showed no variation during the course of differentiation. The polypeptides of the photochemical RC (M, 26000,28 000 and 31 000) a c-type cytochrome (M, 38000) and those of the LH apparatus (LHI/B885 12000 and 14000 LHII/B800-865 11000 and 13000) identified in a separate study (Kelly & Dow, 1985) were present in all cell types. However, analysis of such stained gels gave no information about the period or rate of synthesis of the individual protein species. Therefore, fluorographs of gels loaded with equal radioactivity were prepared, on which the band intensity is proportional to the net rate of synthesis of the protein (Fig. 5) . Such fluorograms revealed several protein species whose rate of synthesis was modulated during swarmer cell differentiation. For example the M, 34000 flagellin monomer was only synthetized in motile swarmer cells (0-1 h) and upon loss of motility, there was no further incorporation of radioactivity into this polypeptide. A polypeptide of M, 14000 and a group of proteins of M , 70 000-80 000, possibly corresponding to those synthetized in multicellular arrays (Fig. l) , were particularly strongly synthesized over the period of daughter cell formation 3-8 h. ., culture ODs40. At 1 h intervals, 100 ml samples were removed and pulse-labelled with ~-[~~S]methionine, the ICM were isolated on 25% (w/v) sucrose cushions and the amount of radiolabel incorporated during the pulse was measured (0). The ICM specific Bchl (r) and carotenoid (a) contents were determined after extraction into acetone/methanol (7 : 2, v/v). Fig. 6 . Synthesis of the B885-RC pigment-protein complex during swarmer cell differentiation. Synchronized swarmer cells were pulse-labelled as described in the legend to Fig. 5 and ICM prepared from them were used in the preparation of the B885-RC complex as described in Methods. The figure shows the fluorogram (5 weeks exposure) resulting after re-electrophoresis of the radiolabelled B885-RC complex on a 1&30% (w/v) polyacrylamide gradient gel. Tracks 0-6 represent 20min pulselabelling periods carried out hourly from 0-6 h after transfer of swarmer cells to phototrophic conditions.
Synthesis of the photosynthetic apparatus
The periodicity in the synthesis of the M , 14000 ICM polypeptide (see Fig. 5 ) was thought to be indicative of a change in the expression of the RC-associated LH complex I during differentiation. We confirmed this by subjecting the native RC-HLI-cytochrome complex obtained from pulse-labelled membrane samples on SDS-Triton gels to SDS denaturing PAGE and fluorography (Fig. 6) . The M, 14000 B885 (LHI) polypeptide showed the same pattern of synthesis as the M, 14000 polypeptide observed in Fig. 5 . Under these conditions (Fig. 6 ) the native holocomplex was not fully denatured and this allowed correlation of the synthesis of its constituent polypeptides with that of the native complex itself. The period of prostheca elongation and daughter cell synthesis was characterized by an increased rate of synthesis of the RC polypeptides and the 38000 M , cytochrome cSs3 in addition to that of 14000M, B885 protein. Some label was also incorporated into a polypeptide ( M , 61 000) which appeared to be a contaminant, or loosely associated with the B885-RC complex. However, this protein was synthesized throughout the cell cycle. Little [3sS]methionine was incorporated into the 12000 M , B885 polypeptide or into the B800-865 polypeptides during differentiation.
DISCUSSION
Pulse-labelling during the swarmer cell cycle clearly indicated the existence of a temporal programme of ICM protein synthesis. Previous studies with R . vannielii (Dow et al., 1983) and the non-photosynthetic prosthecate bacterium Caulobacter crescentus (Cheung & Newton, 1977 ; Iba et al., 1978; Milhausen & Agabian, 1981) have shown variations in the rates of synthesis of a number of soluble proteins during the swarmer cell cycle. In the study of Milhausen & Agabian (1 98 l), 37 developmentally regulated polypeptides were identified using two-dimensional gels, of which 7 were identified as membrane proteins. Even with the use of one-dimensional gels, as here, the synthesis of a relatively large number of ICM polypeptide species appeared to be under regulation.
The present study also showed that marked differences exist in the types of ICM proteins synthesized by swarmer cells and multicellular arrays in batch culture. The generation time of R. vannielii (approx. 6 h; Whittenbury & Dow, 1977) is relatively long compared with the labelling period used (20 min) thus assuring that the observed patterns were representative of the proteins produced by each cell population. Considerable differences were observed between the staining intensities and fluorograph band intensities of some of the proteins, which may be partially attributable to their different methionine contents. Only in some cases, for example the 34 000 M, flagellin monomer, was the relative abundance indicated by staining clearly comparable to the labelling pattern. In other cases, as with the group of proteins of 70000-80000 M , synthesized only in the multicellular arrays, these proteins could nevertheless be detected in swarmer cells by staining. This could be an indication that they are segregated to the swarmer cells post-translationally and/or have a low rate of turnover. Post-translational segregation of membrane proteins has been documented during the Caulobacter cell cycle (Agabian et al., 1979) .
This type of mechanism may also be important in the assembly of particular cell-surface structures such as the flagellum. The identification of flagellin in the ICM fraction of R . vannielii provides evidence for the involvement of these subunits in the assembly of the flagellar organelle, a conclusion supported by the cell-cycle-dependent correlation observed between shedding of flagella and the cessation of flagellin synthesis. In C. crescentus (Huguenel & Newton, 1984) flagellins A and B are also temporally regulated during swarmer cell differentiation and assembled through the intermediary of a membrane-bound 'pool' of subunits.
During growth in batch culture, swarmer cells become light-limited due to self-shading and this prevents them from initiating differentiation (Dow et al., 1983) . Removal of the multicellular arrays during synchronization reduces the optical density of the culture about 10-fold, so relieving light-limitation when the cells are re-illuminated. This accounts for the drop in the specific photopigment content observed during the maturation phase of the cell cycle as a growth-dilution effect. When expressed on a whole-cell protein basis, a gradual decrease in Bchl content was observed throughout the cell cycle but when expressed in terms of ICM protein, the specific Bchl content increased over the reproductive phase of the cell cycle. This is consistent with only limited ICM development in the daughter cell due to the high light availability per cell in these synchronized cultures. The increase in ICM photopigment content over the period of daughter cell formation appeared to be due largely to the synthesis of the B885-RC pigmentprotein complex. Conclusions about the pattern of synthesis of the B800-865 (LHII) complex and the M , 12000 B885 polypeptide were precluded due to their lack of methionine incorporation. Low specific labelling rates of LH proteins and a lack of proportionality between methionine content and [35S]methionine incorporation were also found by Peters et al. (1983) in Rhodopseudomonas capsulata.
Taken together, the pigment and protein data are consistent with the incorporation of new photosynthetic units into the daughter cell membrane during differentiation -a process which must accompany de novo membrane synthesis arising from polar growth (Whittenbury & Dow, 1977; Dow et al., 1983; Kelly & Dow, 1984) . This type of synthetic pattern is rather different from that observed in induction-synchronized cultures of Rhodopseudomonas sphaeroides (Fraley et al., 1978; Wraight et al., 1978) photosynthetic prosthecate and budding bacteria would appear to offer a system in which de novo membrane assembly and reproduction by polar growth are obligately coupled during the cell cycle.
Our data indicates that the morphologically different cell types characteristic of cultures of photosynthetic prosthecate and budding bacteria are distinct with respect to several aspects of membrane physiology. Studies of asynchronous batch cultures of such organisms, for example Rhodopseudomonas palustris (Firsow & Drews, 1977; Varga & Staehelin, 1983) will only give averaged values for the whole population. It is therefore essential that cell-type heterogeneity be taken into account in studies on photosynthetic bacteria. D. J. Kelly was the recipient of a Science and Engineering Research Council studentship. We thank Miss J. Macdonald for the preparation of flagella and for valuable discussion.
